Recent studies have demonstrated that home environments throughout the United States are commonly contaminated with pesticides, including organophosphate (OP), carbamate, organochlorine, pyrethroid, and herbicide compounds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Young children may be highly exposed to these pesticides because of their normal tendency to explore their environment orally, combined with their proximity to potentially contaminated floors, surfaces, and air. Physiologic characteristics of young children, such as high intake of food, water, and air per unit of body weight, may also increase their exposures (13). Because children are developmentally immature, they may also be at higher risk for adverse health effects (13). This paper reviews information on children's exposure to OP pesticides and potential adverse health effects. We also outline our planned research in Monterey County, California, to investigate exposures to children living in an agricultural area and possible effects on growth, neurobehavioral development, and respiratory disease.
Nationally, approximately 750-800 million pounds of conventional pesticides are used annually in agriculture, excluding sulfur, oils and repellants (14) . Total conventional pesticide use, including home, structural, and other applications, averages about 1 billion pounds in the United States. During the mid-1990s, national pesticide use levels have been stable (15) , although trends vary by region. In California, which has the largest agricultural output of all 50 states, approximately 200 million pounds of pesticidal active ingredient are used annually in agriculture (16) . Pesticide use data for California suggest a trend of increasing use between 1991 and 1995 for production agriculture, postharvest treatment, structural fumigation, and landscape maintenance (16) . These changes may be due, in part, to unique meteorologic and economic factors, including heavy rains, shifts to lower toxicity compounds that require higher volumes, and changes in planted acreage (16) (17) (18) . Agricultural use of neurotoxic pesticides, including the OPs chlorpyrifos and diazinon, was also higher in 1995 than in 1991, most likely due to increased use on cotton, and to a lesser extent on oranges, alfalfa, apples, and broccoli (16, 17) . Overall, pesticide use in California appears to be stable or increasing, with annual fluctuations making it difficult to identify long-term trends.
Pesticide residue in food may also contribute to children's exposures. In response to concern about low-level exposure, the Food Quality Protection Act of 1996 (P.L. 104-170) (19) was unanimously passed by the U.S. Congress to address pesticide food safety issues raised by the seminal 1993 National Academy of Sciences report Pesticides in the Diets of Infants and Children (13). This report drew the public's attention to the specific vulnerability of children to many pesticides. The National Academy of Sciences committee found that current tolerances for pesticide levels in food are not health based and may not adequately protect children. Congress specifically directed the U.S. Environmental Protection Agency (U.S. EPA) to reevaluate food tolerances and establish health-based standards that account for children's unique sensitivity to environmental toxicants. The law requires the U.S. EPA to consider all nonoccupational sources of pesticide exposure, especially exposure to compounds with similar mechanisms of toxicity. The National Academy of Sciences recommended in 1993 that the U.S. EPA modify its decision-making process for setting pesticide tolerances to reflect the unique characteristics of the diets of infants and children and account also for all nondietary intake of pesticides (13) . Findings from several small, cross-sectional studies (3) (4) (5) (6) 8, 12) Detection limits in the second survey were higher (25) . Comparison of these studies to each other and to data reported by Hill et al. (20) is difficult because of differences in detection limits, sample type (spot samples vs first morning void), and ages of participants. Overall, these studies suggest the potential for widespread low-level pesticide exposure in children and the need for population-based studies to establish norms.
Pesticides enter children's bodies via dermal absorption, ingestion, and inhalation. Exposure in the home depends on the frequency, duration, and nature (i.e., dermal contact, hand-to-mouth behavior) of the child's interaction with contaminated media such as house dust. Children may have higher exposure to pesticides than other residents living in the same contaminated environment, in part because young children spend more of their time indoors at home (26, 27) . Thus, they are likely to spend more time in proximity to any pesticides present in their immediate environment. The importance of specific exposure-related behaviors, such as handto-mouth activity, will be age dependent, suggesting that consequent exposure levels and pathways will vary with age, as has been observed for lead exposure (28) . For example, children younger than 6 months of age may receive their greatest exposures through breast milk or inhalation, but dermal absorption and ingestion may be the major pathway of exposure when children begin crawling and placing their hands on dusty surfaces and increasing their hand-tomouth behavior. The level of exposure may continue to increase, given that the normal tendency of young children to explore their environment orally increases through 2 years of age. The actual dose to the child will depend on environmental concentrations and the efficiency of pesticide uptake for the different types of exposure routes, i.e., dermal contact versus ingestion. To date, direct observation and quantification of children's exposure-related activity patterns and their interaction with their environment is very limited. Time-activity analysis thus could provide information about age-specific exposure pathways.
To assess time-activity patterns, most researchers have preferred self-administered time diaries and interviews (29, 30) . However, these diaries are subject to inaccurate recall and thus have limited validity (31) (32) (33) . Moreover, they fail to document microactivities such as dermal and hand-tomouth contacts, which are important pathways of exposure in young children. Observational techniques are more detailed and accurate than conventional methods of questionnaires and diaries for recording such microscopic data (34) (35) (36) (37) . Leckie (8, 10, 12, 43, 44) . In a study of 88 10 families, 5 of which had at least one resident farmworker. Higher levels of the OPs diazinon (maximum = 160 ppm), chlorpyrifos (maximum = 33 ppm), and malathion (maximum = 1.6 ppm) were found in house dust in farmworker homes (6 (52) (53) (54) (55) . Other studies have reported that parental exposure to pesticides or application of pesticides in the home is associated with certain birth defects including neural tube and other birth defects (56, 57) .
To date, only one small ecologic study has examined whether low-level chronic exposure of children to pesticides can lead to adverse health consequences (58) . This study of Yaqui children in Mexico found that children 4-5 years of age (n = 33) living in an agricultural valley with presumably higher pesticide exposure had deficits in tests of stamina, coordination, recall, and ability to draw a person, compared to children (n = 17) living in the foothills where there was mostly ranching. This study, although suggestive of an effect of pesticides, is limited by small sample size, utilization of a convenience sample, the lack of individual exposure data, and no statistical control of potential confounders. At present, the only prospective study investigating pesticides and adverse health effects is the National Cancer Institute/ U.S. EPA Agricultural Health Study, which is a large cohort study of cancer in midwestern and eastern farmers and their families (49) . In spite of the paucity of information concerning the potential health effects in children of chronic lowlevel exposure to organophosphates, there is substantial evidence in developing rodents and limited evidence in adult humans who have been chronically exposed to OPs that low-level chronic exposure to organophosphates may affect neurologic functioning, neurodevelopment, and growth. Because OP exposure may cause dysregulation of the autonomic control of airways, it is biologically plausible that exposure may be related to the occurrence of asthma in children.
Effects of Acute Exposure to OP and Carbamate Pesticides in Children
The primary effects of OP and carbamate acute exposure are on the parasympathetic, sympathetic, and central nervous system. These pesticides interfere with the metabolism of acetylcholine (ACh) by inhibiting the enzyme that hydrolyzes it, acetylcholinesterase (AChE) (59 (59, 60) . Carbamates, unlike OPs, do not irreversibly inhibit ACHE. Thus, their activity is quickly reversed after excretion of the pesticide (61) . Pregnancy may pose a time of increased risk because plasma AChE activity is already reduced, at least during the first two trimesters (62, 63) .
The most frequent acute symptoms of OP poisoning in children include miosis, excessive salivation, nausea and vomiting, lethargy, muscle weakness, tachycardia, hyporeflexia, and hypertonia, and respiratory distress (60, 64) . Duration of symptoms depends on the dose, with the highest doses resulting in death. In one study, pneumonitis developed in about one-third of poisoned children (64 (87, 88) . When exposure occurred in the early postnatal period, there was a lowered threshold for convulsions (89) as well as increased gait abnormalities and tremors (90) and deficits in delayed alternation on mazes (91) .
Some studies suggest that early gestation may be a critical period for the neurodevelopmental effects of certain pesticides. Muto et al. (86) studied the effects of exposure to chlorpyrifos in rats occurring both during gestation (gestation days 0-7 and 7-2 1) and the postnatal period. They reported that early prenatal exposures were more likely to result in poorer performance on the rotorod test than exposures during later gestation, which was in turn, more likely to result in deficits than those occurring postnatally.
A number of mechanisms have been proposed to explain the observed neurobehavioral effects in animals. Chanda and Pope (88) found that repeated exposure of rodents to low levels of chlorpyrifos during gestation was related to inhibited levels of AChE and downregulated muscarinic receptors in the fetal brain. Transient brain AChE inhibition also has been consistently reported in neonates postnatally exposed to chlorpyrifos (90) (91) (92) (93) (94) . Other effects of chlorpyrifos that, in part, could explain the neurobehavioral impairment include decreased muscarinic receptor binding (90, 94, 95) , altered brain RNA concentrations (96) , and inhibition of brain DNA synthesis (84, 85, 97) . For example, after treating rats on postnatal days 1-4 with a dosage that produced minimal AChE inhibition (1 mg/kg), Dam et al. (85) reported large deficits in DNA synthesis in the brain stem and forebrain, with lesser effects on the cerebellum. Similar deficits in DNA synthesis were observed after a single early postnatal exposure but at a slightly higher dose (97) . Early postnatal exposure to chlorpyrifos (postnatal days 1-4 or 11-45) also altered RNA concentrations in the brain stem and forebrain of rats (96) . By targeting RNA, the macromolecule that controls postmitotic processes of cell differentiation and growth, the chemical may evoke alterations in cell function and number in developing organisms (96 Spyker and Avery (112) also reported lower birth weight and a slower rate of postnatal weight gain in mice exposed to diazinon (9 mg/kg) throughout gestation. In rats, low levels of two carbamates and a triazine herbicide administered postnatally interacted to increase thyroxine levels and alter levels of somatotropin, hormones that regulate growth (116) .
Potential Respiratory Health Effects
Much of the animal literature reviewed here has focused on the central nervous system effects of organophosphate exposure. Because OP pesticides exert their pharmacologic effects through inhibition of AChE, both short-and long-term effects on autonomic regulation are prominent features in the toxicology of this class of pesticides (76, 117) . No Similarly, the parasympathetic nervous system provides the principal neural control of lung airway tone. There are considerable data indicating that dysregulation of both parasympathetic (cholinergic) and sympathetic autonomic control of airways, such as by pesticide exposure, may be important in the occurrence of asthma and its severity (118) . Dysregulation of parasympathetic function, as measured by respiratory sinus arrhythmia, predicts the onset of wheezing in adults (119) . Although there are few direct studies of the effects of OP and carbamate pesticide exposure on asthma risk, farmworkers' exposure to carbamate pesticides has been associated with the occurrence of asthma after adjustment for other relevant factors (120) . Professional fumigators reportedly have an increased occurrence of allergy and asthma in parallel with a higher risk of a > 20% decrease in red blood cell AchE (121) . Exposure to chlorpyrifos has also been associated with an increase in the occurrence of atopic conditions (122) . Although none of these studies involved children, they raise the prospect that pesticide exposure could be important etiologic and morbidity-modifying factors in the occurrence of childhood asthma.
Biologic Plausibility for the Effects of Low-Level Chronic Pesticide Exposure in Children
Tests on young rodents demonstrate a progressive decrease in susceptibility to OP pesticides with increasing age (13, [123] [124] [125] . In some cases, the lethal dose in immature animals is only 1% of the adult lethal dose (92, 93, 97) . A study of rats found that animals 1 and 7 days of age tolerated only 4% and 17% of the adult dose, respectively (92, 93, 97) . Seven-day-old rats were 2.3, 8.6, and 6.2 times more sensitive than adults to the acute toxicity of methyl parathion, parathion, and chlorpyrifos, respectively (92) . In humans, children have had higher fatality rates than adults in several cases of OP poisoning (13).
Young animals may be more susceptible to the toxic effects of organophosphates due to lower activity of detoxifying enzymes such as paraoxonase that deactivate active OP metabolites (e.g., paraoxon, chlorpyrifos-oxon) (123, (126) (127) (128) (129) (130) (131) . For example, Mortensen et al. (126) reported markedly lower plasma and liver chlorpyrifos-oxonase levels in neonate compared to adult rat tissue. They concluded that the higher sensitivity of young rats to acute chlorpyrifos toxicity may not be explained by increased sensitivity of the target enzyme, brain AChE, but it may be partially explained by a deficiency of chlorpyrifos-oxonase activity (126) .
Although young animals are more sensitive than adults to the acute toxic effects of chlorpyrifos, some researchers have suggested that lower level chlorpyrifos exposures may produce more extensive neurobehavioral effects in the adult rat than in the neonate (94) . In addition, more extensive changes have been found in cholinergic parameters in the maternal brain compared to the fetus or neonate (88) . Developing animals also appear to recover more quickly from cholinesterase inhibition than the adult (92, 98) , and may be less susceptible to developing OPIDN (71) . However, repeated low-dose chlorpyrifos exposure during gestation has been associated with persistent neurochemical and neurobehavioral changes in developing rodents (88) .
In summary, young children may be especially vulnerable to pesticides because of the sensitivity of their developing organ systems combined with a limited ability to enzymatically detoxify these chemicals (13, 123, (126) (127) (128) (129) (130) (131) . According to the National Academy of Sciences (13), children's OP exposures are of special concern because "exposure to neurotoxic compounds at levels believed to be safe for adults could result in permanent loss of brain function if it occurred during the prenatal and early childhood period of brain development" (13). Because Children of Salinas, or CHAMACOS (which means "little child" in Chicano Spanish), are to a) characterize OP exposure levels and pathways in pregnant women and their children; b) determine the predictors of OP levels in the body and home; c) describe the exposure-prone behavior of children at different developmental stages using time-activity analysis; and d) follow up the children to 3 years of age to determine whether exposure in utero and/or during the postnatal period is associated with poor neurodevelopment (assessed by tests of the central and autonomic nervous system), slower and stunted growth, and increased prevalence of respiratory symptoms and disease. Our ultimate goal is to involve community partners in planning, coordinating, and conducting an intervention to reduce pesticide exposures to young children in this agricultural community and to evaluate the efficacy and sustainability of the intervention. To accomplish our goals, we have established a multidisciplinary partnership comprised of farmworkers, health care providers, growers, journalists, scientists, educators, and representatives of community groups and state and county health and agricultural departments. We are hopeful that the results of this study will benefit this community and agricultural communities, in general, and will directly contribute to the information necessary for the implementation of the Food Quality Protection Act.
